Cubic BaTiO 3 particles of ca. 100 nm in diameter were produced at 25 to 60°C in a highly basic aqueous solution system. The crystalline phase was purely formed by reaction of barium hydroxide and anatase TiO 2 nanoparticles under the highly basic condition. The formation of the pure phase at a lower temperature requires a higher concentration of NaOH and a longer reaction period. At room temperature (25°C), the crystalline BaTiO 3 was obtained through the reaction with 5.2 mol/kg of NaOH for 168 h. A specific mesocrystal architecture of BaTiO 3 consisting of oriented small units was formed as an intermediate at the initial stage of crystal growth.
Introduction
Recently, environmentally benign processes, rather than conventional routes using high-energy consumption techniques, have been developed for production of functional materials. Aqueous solution syntheses of inorganic materials that perform below 100°C under atmospheric pressure are attractive as biomineralization-inspired approaches. 1),2) A wide variety of metal oxides, such as TiO 2 , 3),4) ZnO, 5)7) SnO, 8)10) and Fe 2 O 3 11) were synthesized in aqueous solutions at low temperatures. Their crystalline phase and nanoscale morphology were controlled by changing the reaction conditions and addition of soluble organic molecules. The formation mechanism of the various oxides has been discussed on the basis of the solubility and the specific interaction between the inorganic substances and the organic molecules. The structural control of functional materials in nanoscale is attracting significant attention for the miniaturization of electronic devices and the promotion of high functionality. The potential for the controlled construction of various nanoscale structures is one of the advantages of the solution processes.
Barium titanate (BaTiO 3 ) is one of the most important dielectric materials for multilayered ceramic capacitors due to its high dielectric constant. Whereas BaTiO 3 particles are commonly produced with high-temperature solid-phase reactions, low-temperature syntheses of BaTiO 3 in the aqueous solution systems below 100°C were reported by various researchers in recent years. 12 17) Nevertheless, several problems remain with regard to the formation of BaTiO 3 in the aqueous systems because of the complexity of the component and the specificity of the preparation condition. The essence of the preparation condition has not been clarified for aqueous solution synthesis of the complex oxide under ambient temperatures. Control of the crystallinity is the main issue for the low-temperature syntheses of the complex oxide. Therefore, it is now necessary to explore the detailed conditions for the formation of crystalline BaTiO 3 without impurity phases in aqueous solutions at room temperature. Moreover, the structural control, including the variation of the particle size in a simple aqueous system, has been still challenging for functional complex oxides.
In the present study, cubic BaTiO 3 nanoparticles were prepared through a simple aqueous route at 25 to 60°C. We clarified the essential reaction conditions, such as the basicity, temperature and reaction period, for the formation of cubic BaTiO 3 without impurity phases in aqueous systems. Organic additives reported in a previous paper 12) are not required for the formation. Moreover, we found the production of mesocrystal BaTiO 3 as an intermediate phase for the formation of crystalline particles. This result provides a hint for the fabrication of a complex architecture in the aqueous system. The formation mechanism of crystalline BaTiO 3 in the aqueous system is discussed from the solubility of TiO 2 and BaTiO 3 under the basic condition.
Experimental procedure
Ba(OH) 2 ·8H 2 O (Kanto Chemical) and anatase TiO 2 nanoparticles (Ishihara ST-01) whose mean particle size was 7 nm were used as the starting materials. Anatase TiO 2 powder over 100 nm in diameter was used as a reference titanium source. We poured 20 cm 3 of purified water after boiling and bubbling with N 2 to eliminate CO 2 in a cylindrical polypropylene bottle whose inner diameter was 37 nm. Ba(OH) 2 ·8H 2 O was dissolved in the purified water, and 1 © 10 ¹3 mol (80 mg) of anatase nanoparticles were then mixed with the solution. The molar ratio of barium and titanium (Ba/Ti) was fixed to be 1.1. An excess amount of Ba 2+ was added to promote the formation of BaTiO 3 . Highly basic solutions were prepared by addition of NaOH to the mixture. The molality of NaOH (M NaOH ) was adjusted in the range of 0.2 to 6.2 mol/kg. The mixtures were stirred with a polytetrafluoroethylene bar for several hours at 25, 40 and 60°C in an incubator. Precipitation obtained with centrifugation was washed with acetic acid and purified water to remove BaCO 3 formed as an impurity.
The crystal phases were identified by X-ray diffraction (XRD: Rigaku MiniFlex II and Bruker D8 Advance) with Cu K¡ radiation. The morphologies of particles were observed by a scanning electron microscope (FE-SEM: Hitachi S-4700 and FEI Sirion) operated at 5.0 kV and a transmission electron microscope (TEM: JEOL JEM-3000F) operated at 300 kV. The specific surface area was measured by the N 2 -adsorption/desorption measurement (Shimazu Tristar 3000).
Results and discussion 3.1 Formation of cubic BaTiO 3 phase in basic solutions
The aqueous syntheses of BaTiO 3 were generally performed under highly basic conditions in the previous works. 12)14),17), 19) Here we investigated the detailed conditions, such as the temperature, basicity and reaction period, for the formation of crystalline BaTiO 3 . Figure 1 shows the XRD patterns of precipitates obtained by the reaction with M NaOH = 2.0 mol/kg at 60°C for various periods. The formation of cubic BaTiO 3 was observed in 1 h and anatase TiO 2 disappeared in 3 h. However, a titanium-rich phase BaTi 2 O 5 (ICDD: 34133) appeared in the precipitate reacted for 3 h after the calcination at 1000°C in air [ Fig. 1(e) ]. The formation of the titanium-rich phase with calcination indicates the existence of residual TiO 2 as tiny particles with as-prepared BaTiO 3 crystals although the anatase phase was not detected in the XRD patterns. When the reaction period was extended to 6 h, no impurities were observed after the calcination. Consequently, the cubic BaTiO 3 phase was purely obtained by the reaction of anatase and Ba(OH) 2 with M NaOH = 2.0 mol/kg at 60°C for a period equal to or longer than 6 h. The prolongation of the reaction period was effective to remove the residual TiO 2 . From the diffraction angle of BaTiO 3 (110) planes (2ª = 31.32531.340°), the lattice parameter for cubic BaTiO 3 was calculated to be 0.40330.4035 nm. The lattice expansion is estimated to be below 0.1% by comparing the lattice parameter with that in ICDD (0.4031 nm). The slight shift means that the crystallinity of the cubic phase produced in the present study is higher than that produced as-prepared by wet chemical processes in previous works. 13),18), 19) The crystallization of BaTiO 3 from the crystalline TiO 2 was slow, which caused the higher crystallinity of BaTiO 3 . The crystallinity was not changed with increasing the reaction period after 3 h.
We studied the influence of the basicity in the reaction media at various NaOH concentrations. Figure 2 shows XRD patterns of precipitates obtained by the reaction at 60°C. The reaction period was fixed to 24 h to promote formation of the crystal. Although cubic BaTiO 3 without any impurity phases was deposited with M NaOH = 0.8 mol/kg, the titanium-rich phase appeared after the calcination. The formation of the pure BaTiO 3 phase required M NaOH equal to or higher than 2.0 mol/kg. Figures 3 and 4 show XRD patterns of the precipitates obtained at 40 and 25°C, respectively. The titanium-rich phase was observed in precipitates obtained at a lower M NaOH after calcination. The cubic phase of BaTiO 3 was purely formed in highly basic solutions with M NaOH equal to or higher than 3.0 mol/kg after the reaction at 40°C for 72 h. A high concentration of NaOH equal to or higher than 5.2 mol/kg and a reaction period for 168 h were required to form a nearly pure phase of BaTiO 3 at 25°C. Figure 5 is summary of the study results. A longer period and a higher basic condition were needed for the formation of the crystalline structure at a lower temperature. Journal of the Ceramic Society of Japan 121 [4] 388-392 2013
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When large anatase particles were used as a titanium source, slight BaTiO 3 generation was observed even with M NaOH = 3.0 mol/kg at 60°C. This suggests that the dissolution of TiO 2 is essential for the formation of BaTiO 3 . Schmidt et al. reported that the solubility of TiO 2 increases with increasing pH. 25) In contrast, the solubility of BaTiO 3 decreases with increasing pH according to the stability diagram calculated for the Ba-Ti system by Lencka and Riman. 26) Thus, the formation of BaTiO 3 in a basic solution proceeds through the dissolution of TiO 2 and the subsequent precipitation of BaTiO 3 . The nucleation of BaTiO 3 would be promoted under a highly basic condition owing to a lower solubility of BaTiO 3 even at room temperature. The titanium-rich proportion of the precipitates is ascribed to residual TiO 2 before dissolution. Crystalline BaTiO 3 was not obtained in glass vessels. Silicates dissolving from the glass wall under a highly basic condition would affect the formation of BaTiO 3 . Figure 6 shows SEM images of BaTiO 3 particles having the pure cubic phase obtained at various temperatures. We obtained nanoscale particles of pure BaTiO 3 with a diameter of ca. 100 nm. The particle size and morphology of resultant BaTiO 3 were affected by the reaction conditions. The diameter of the particles increased with decreasing molality of NaOH and increasing temperature. Whereas round particles were obtained at 25 and 40°C, faceted cubes were observed among the particles obtained at 60°C. As shown in Fig. 7 , lattice images and an electron diffraction pattern were observed for the particles produced by the reaction with M NaOH = 3.0 mol/kg at Ba/Ti = 2.0 and 60°C for 120 h. These results indicate that the cubic grains consisting of single crystalline BaTiO 3 were surrounded with {110} planes.
Because an increase in the basicity enhances the formation of BaTiO 3 , the number of nucleation increases in the initial stage of the reaction. Therefore, the diameter of the crystalline particles decreases with an increase of the basicity. The facet was gradually formed through the surface migration at a relatively high temperature.
Formation of BaTiO 3 mesocrystal
An interesting structure of BaTiO 3 was found in a short reaction period. Figure 8 shows TEM images of a sliced BaTiO 3 particle prepared with M NaOH = 2.0 mol/kg at 60°C for 3 h. Although the high-angle annular-dark-field image [ Fig. 8(b) ] indicates that the particle with 200 nm in diameter consisted of small units less than 10 nm in size. The selected area electron diffraction (SAED) [Fig. 8(c) ] suggests the presence of a single BaTiO 3 crystal with a small amount of polycrystalline anatase. These results indicate that the units of BaTiO 3 connected in the same crystallographic orientation. Similar structures of BaTiO 3 were prepared with a sonochemical technique in aqueous solutions. 17) The specific surface area of the particles was 18.7 m 2 ·g ¹1 as measured by the N 2 adsorption/desorption. The Ba/Ti molar ratio was estimated to be 0.87 with energy-dispersive X-ray analysis and the titanium-rich phase was found after the calcination. Therefore, the specific structure consisting of the oriented units is regarded as a mesocrystal 27),28) accompanied with residual TiO 2 . When the reaction period was prolonged to 23 h, the titanium-rich phase was not observed after calcination. Thus, the residual TiO 2 around BaTiO 3 is associated with the formation of the mesocrystal as an intermediate phase. The residual TiO 2 inhibits the continuous growth of the small BaTiO 3 units and promotes the construction of the specific architecture.
Conclusions
Pure cubic BaTiO 3 nanoparticles were prepared in the highly basic aqueous solution system at a low temperature of 25 to 60°C. A high concentration of NaOH is critically essential for the synthesis of pure BaTiO 3 at room temperature. The BaTiO 3 mesocrystal structure consisting of the oriented nanoscale units was obtained as an intermediate with the coexistence of residual TiO 2 . The low-temperature aqueous route for cubic BaTiO 3 nanoparticles would be applicable for a wide variety of functional devices as dielectric and ferroelectric materials. 
